The amino acid composition of the two surface proteins of the recently isolated morbillivirus phocid distemper virus (PDV) were deduced from the nucleotide sequence. The fusion (F) protein of PDV exhibited characteristics similar to those of other morbillivirus F proteins. The overall amino acid similarity with its closest homologue, canine distemper virus (CDV), was 72 %. From the context of the starting codons and the requirement for a hydrophobic signal peptide, it is likely that translation of the PDV F mRNA starts at the third AUG, corresponding to codon 95 in the long open reading frame of the PDV F gene. After removal of the signal peptide, F0 starts at amino acid 105. From this position the F protein of PDV and CDV exhibit 84 % amino acid similarity. The PDV haemagglutinin (H) protein showed 74% amino acid similarity with CDV H protein and highly conserved features responsible for the tertiary structure. Despite these similarities, the two H proteins show marked antigenic differences when probed with monoclonal antibodies. Earlier studies have indicated that rinderpest virus (RPV) is the prototype virus of the morbillivirus genus, from which first CDV/PDV and later measles virus (MV) evolved. From the close relationship shown in this study, it is likely that the divergence of CDV and PDV occurred after MV evolved from RPV.
Introduction
The recent epizootic among harbour seals (Phoca vitulina), which has killed more than 17000 animals in north-western Europe, has been shown to be caused by a canine distemper-like morbillivirus (Osterhaus et al., 1988; Cosby et al., 1988; Blixenkrone-Mfller et al., 1989) . The pathology of the diseased seals was similar to tlrat of canine distemper virus (CDV) infection in dogs (Osterhaus, 1989; Appel, 1987) . The clinical symptoms included neurological disturbances, respiratory tract involvement and in female seals abortions (M. P. HeideJ6rgensen, T. H/irk6nen & R. Dietz, unpublished results). The newly discovered virus has been named phocid distemper virus (PDV). Among its morbillivirus relatives are not only CDV in carnivores, but also measles virus (MV) in humans, rinderpest virus (RPV) in cattle, and peste des petits ruminants virus in sheep, goats and other small ruminants (Kingsbury et al., 1978) .
The morbillivirus genome is ssRNA of negative polarity with a length of 15000 to 16000 nucleotides. The genome is surrounded by a helical nucleocapsid composed of nucleocapsid protein with the phosphorylated and large proteins attached to it (Kingsbury, 1990) . These internal components are enveloped by a virusmodified cell membrane. The matrix (M) protein covers the inside of the envelope and is in close contact with the two surface proteins, the haemagglutinin (H) and fusion (F) protein.
Extensive antigenic cross-reaction has been demonstrated between the homologous proteins of morbilliviruses. These reactions involve most of the structural proteins with the exception of H protein (Sato et al., 1981; Sheshberadaran et al., 1986) . Soon after its isolation PDV was characterized immunologically by use of morbillivirus monoclonal antibodies (MAbs) (Cosby et al., 1988; Osterhaus et al., 1989) . These results indicate that PDV is a previously unrecognized morbillivirus closely related to CDV. By the use of CDV and PDV MAbs, F protein has been shown to be the most conserved protein of CDV and PDV, whereas H protein is the least conserved (()rvell et al., 1990 ; M. Blixen-0001-0319 © 1991 SGM krone-M611er et al., unpublished data) . Surface proteins are important because they are the proteins most exposed to the environment, which makes them the main target of the immune system. Consequently they need to be considered for the development of new vaccines. Also, H protein determines interactions with host cell receptors and thus exerts a great influence on virus tropism, whereas F protein requires cleavage by a host cell protease to mediate fusion, thereby allowing the virus both to penetrate the host cell membrane and to induce cellular syncytia (Norrby & Oxman, 1990) .
To determine the molecular characteristics of PDV and evaluate its evolutionary relationship with other morbilliviruses as a means of understanding the origin of the devastating epizootic caused by the virus, we have cloned and sequenced the two surface proteins.
Methods
Virus and cell cultures. The PDV isolate, PDV/DK88-4a, originated from a diseased harbour seal found in Danish waters in 1988 (Blixenkrone-M611er et al., 1989 . Veto cells were grown in roller bottles using Eagle's MEM (Flow Laboratories) supplemented with 1% inactivated foetal calf serum, penicillin (60 mg/1) and streptomycin (50 mg/l). The CDV Convac vaccine strain was used (K6vamees et al., 1991) . Both viruses were plaque-purified three times before infection.
Isolation ofmRNA. Three days post-infection (p.i.) actinomycin D (5 ~tg/ml) was added to the infected cells. Indirect immunofluorescence indicated that about 30% of all cells expressed the viral surface antigen H protein at this time. The cells were harvested 4 days p.i., and mRNA was extracted and purified as described (Varsanyi et al., 1991) .
Isolation of genomic RNA. Vero cells infected with PDV were harvested when c.p.e, was extensive. Clarification, virus pelleting and genomic RNA isolation were performed as described previously (K6vamees et al., 1990) .
Construction of eDNA library. Poly(A) + RNA (4 ktg) from infected cells was used to synthesize cDNA by a method modified from Gubler & Hoffman (1983) using Moloney routine leukaemia virus reverse transcriptase. After ligation of an EcoRI/NotI adaptor to the doublestranded cDNA, the constructs were ligated into the EcoRI site of plasmid pT7/T3ct-19 (BRL). Escherichia eoli strain DH5ct was used for transformation.
DNA sequencing. Double-stranded plasmids were sequenced by the dideoxynucleotide chain-termination method (Zhang et al., 1988; Sanger et al., 1977) using the T7 sequencing kit (Pharmacia). For sequence analysis and amino acid comparisons Microgenie software (Beckman) and the DNA Strider program (Marck, 1988) were used.
RNA sequencing. RNA was sequenced using the virus genome as template and avian myeloblastosis virus reverse transcriptase as described (K6vamees et al., 1990) .
Library hybridization. Colonies from the transformation were screened using a 3:p-labelled CDV Convac strain F gene (Barrett et al., 1987; K6vamees et al., 1991) under low stringency conditions (Maniatis et al., 1982; Tsukiyama et al., 1987) . Hybridizations with oligonucleotide probes were performed as described (Woods, 1984) .
Northern blot analysis. Poly(A) ÷ (5 ~tg)-selected RNA from infected and uninfected Vero cells were electrophoresed on a formaldehydeagarose gel and transferred to nylon membranes as described (Sambrook et al., 1989) . Positive plasmids from oligonucleotide screening containing large inserts were labelled with 32p and hybridized to the membranes as described (Sambrook et al., 1989) .
Oligonucleotides. Synthetic oligonucleotides (17-mers) were made on a Pharmacia Gene Assembler. The oligonucleotides were solubilized and protective groups removed using NH4OH followed by detritylation by acetic acid. The oligonucleotides were then purified on a 20% polyacrylamide bisacrylamide gel and eluted in water. Following precipitation, the purified oligonucleotides were diluted in water to a suitable concentration.
Results

Identification of virus-specific cDNA clones encoding the surface proteins
Studies using MAbs against both CDV and PDV have shown that F protein is highly conserved (Orvell et al., 1990) ; Mahy et al. (1988) have demonstrated a genetic relationship between the F genes. Exploiting this relationship we have isolated an almost full-length CDV F gene clone (Barrett et al., 1987 ; J. K6vamees, unpublished data) from a CDV Convac strain cDNA library (K6vamees et al., 1991) and hybridized this clone under low stringency conditions to a cDNA library based on mRNA from PDV-infected Vero cells. The largest clones were isolated and examined for their specificity by Northern blotting under high stringency conditions (Fig.  1) . By use of the PDV F gene clone nucleotide sequences, genomic RNA sequencing into the H gene was performed. Probes were synthesized and used to screen the PDV library for H gene-specific clones. After determining the specificity of these clones, two different clones, corresponding to the F and H genes, respectively, were selected for sequencing. This was done by the chaintermination method and primers were synthesized according to the sequences obtained.
Nucleotide sequence of the PD V F and H mRNAs, and similarity to corresponding mRNA from other morbilliviruses
The PDV F gene is 20 nucleotides long and contains a long open reading frame (ORF) representing 631 amino acids (Fig. 2) . The long ORF in PDV F mRNA starts with CGAAUGACUCG at nucleotides 179 to 181 and after 1893 nucleotides ends with UGA giving a 3' noncoding region of 132 nucleotides. Within the first 500 nucleotides of the F ORF four ATG codons are found. The first and second codons are separated by 39 nucleotides and neither is in a good context for ribosomal binding (Kozak, 1986) , whereas the third and fourth codons are. The first 470 nucleotides (the mRNA region 5' to the probable morbillivirus F gene translation 
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CAAGACCAACAACCTAAGACAAAACAGCAATACTCGAGATCTATCAAAACT CAGAAATCT 93 (K6vamees et al., 1991) , it is the only possible starting point which would result in a protein with a hydrophobic region of the size needed to span and anchor the protein in the membrane. One long ORF stretches for 1821 nucleotides and is followed by a 3' non-coding region of 111 nucleotides. One nucleotide difference was identified in the two PDV H gene clones sequenced. The difference resulted in a conservative amino acid substitution (arginine to lysine) in position 160.
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The predicted primary amino acid composition of PDV F and H protein, and comparision of these proteo~s to those of other morbilliviruses
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Discussion
The primary amino acid composition of the major surface glycoproteins of PDV was deduced by cDNA cloning and nucleotide sequencing. Comparison of these sequences to those of other morbillivirus surface proteins confirms earlier immunological results showing that PDV is closely related to CDV (Cosby et al., 1988; Osterhaus et al., 1989; Orvell et al., 1990) .
A close relationship between F proteins of the two viruses is demonstrable in the region from PDV amino acid 105. Barrett et al. (1987) have identified a high degree of similarity between the CDV and MV F proteins, starting from the same location (Fig. 4) .
In PDV, as in CDV, the area just N-terminal to the region of similarity is the only possible candidate for a signal peptide. This peptide is probably removed in the endoplasmic reticulum in all the morbilliviruses, thereby establishing amino acid similarity in the N-terminal part of the F 2 protein also. Evans et al. (1990) have shown that translation of CDV F mRNA starts at the third start codon in the long ORF. In PDV the third and fourth AUGs fit the consensus sequence for translation initiation (Kozak, 1986) . However, the fourth AUG could not encode signal peptide (Fig. 2) . Based on this and similar to CDV F protein, the translation of PDV F mRNA most likely starts at the third initiation codon. The overall amino acid identity between CDV and PDV F proteins is 72%. After removal of the putative signal peptide, F 0 protein shows an identity of 84%. Nucleotide similarity in the corresponding areas is 45% and 73%, respectively. The function of this divergent nucleotide sequence in the 5' end of the F gene of the morbilliviruses is unknown but suggestions have been made that there are additional ORFs and/or that it is involved in translational control (Barrett et al., 1987; Tsukiyama et al., 1988) . Given the low conservation of primary structure, the latter is the more likely. Evans et al. (1990) have proved that the 5' non-coding region of CDV F mRNA can enhance translation within cells. This function might be mediated by mRNA folding in which ribosome start points are exposed, as suggested by Katz et al. (1986) .
Besides this N-terminal region, only the large hydrophobic region which anchors the protein in the membrane (PDV amino acids 575 to 600) is conserved poorly in CDV and PDV F proteins. Another area of hydrophobicity having high amino acid conservation (PDV amino acids 194 to 225) becomes the N-terminal part of the F1 protein after the cleavage of Fo into F1 and F 2 proteins. There are very few amino acid differences between this region in PDV, CDV, MV and RPV. This indicates, in contrast to the anchor region, that there is a functional constraint on the character of the amino acids participating in the F I protein N-terminal region as well as their hydrophobicity. A similar constraint is likely to be responsible for the conservation of the C-terminal end of the morbillivirus F proteins, in which all 14 amino acids of PDV, CDV, MV and RPV are identical (Fig. 4) . This possibly reflects the importance of the C-terminal part of the F~ protein in virion assembly. The H proteins of these viruses do not show similar conservation (Fig. 5) . This could be an indication that the F protein is the surface protein that has important interactions with M, subsequently guiding the nucleocapsid to the membrane (Shimizu & Ishida, 1975) . I. Ballart, M. Hober, A. Schmid, R. Cattaneo & M. Billeter (unpublished results), have suggested recently that the disturbances in maturation of some subacute sclerosing panencephalitis cases are due to a malfunction in either the C-terminal part of M protein or in the cytoplasmic portion of F protein.
In the PDV F2 protein only one cysteine residue is present. Since F1 and F2 proteins are linked by a disulphide bond, this cysteine (amino acid 149) must be utilized. This implies that the potential glycosylation site at amino acids 148 to 150 in the PDV F2 protein is not used. The high amino acid similarity between CDV and PDV F proteins (Table 1) , combined with the results obtained by Appel et al. (1984) , in which dogs vaccinated with MV were protected against CDV, may explain the successful vaccination experiments on harbour seals carried out by Visser et al. (1989) . The MV-induced immunity in dogs was infection-permissive and mediated by a humoral response mainly against F protein (Norrby, 1989) . Other studies have shown that antigenic sites in H protein actually induce the dominant neutralizing antibodies in vitro (Giraudon & Wild, 1985) . Therefore, immunity induced by H protein could probably provide better protection. However, the variability of morbillivirus H proteins excludes any crossprotection. Epitope mapping of MAbs against H protein that neutralize both PDV and CDV are presently being done to determine shared immunogenic regions.
PDV and CDV H proteins show somewhat less similarity (74 %) than F protein. The majority of cysteine, proline and glycine residues are conserved between the H proteins. In addition, similar potential glycosylation patterns as well as similar hydrophilicity/hydrophobicity plots (data not shown) are exhibited. It is of interest to note that despite the described similarities in structure and primary amino acid composition, studies with MAbs have shown pronounced antigenic differences between PDV and CDV H proteins. These differences may be explained by the 26% divergence between the H protein amino acid sequences, which are scattered throughout the protein, with the exception of the stretch of amino acids between positions 87 and 118. It could also reflect the difference in one of the potential glycosylation sites (Fig. 5) .
The H gene of both the Onderstepoort and the Convac vaccine strains of CDV have been sequenced recently (Curran et al., 1991 ; K/Svamees et al., 1991) . The levels of amino acid identity between these two CDV H proteins and PDV H protein are similar. However, both the length of the protein and the number of potential glycosylation sites found indicate a closer relationship between PDV and the Convac strain. CDV Convac strain most likely uses all of its glycosylation sites (K~Svamees et al., 1991) . PDV H protein has a slightly higher calculated Mr and also moves slightly slower in SDS-polyacrylamide gels (C. Orvell, unpublished results). Therefore, PDV H protein would be expected to utilize most if not all potential glycosylation sites. Curran et al. (1990) have reported 126 amino acids deduced from the sequence of the PDV H gene. When compared roughly to the sequence presented here, this part of the protein shows small differences, indicating that PDV isolates from different areas are almost identical. Similar results have been obtained from studies with MAbs unpublished results) .
The data presented here indicate that PDV is closely related to CDV within the morbillivirus genus. Previous studies have indicated that CDV evolved from RPV before MV (Norrby et al., 1985; K6vamees et al., 1991) . The relationship between CDV and PDV is closer than that between MV and RPV (Tables 1 and 2 ). It is therefore likely that the divergence of CDV and PDV occurred later than the evolution of MV from RPV.
